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layer capacitance [20]. The dynamic effect of pulse frequency
on the machined hole diameter was demonstrated by varying
the frequency during electrochemical machining [21]. A
simulation of the machining using the time constant calculated
based on the electrochemical double-layer capacitance showed
that the machining gap decreased with shorter machining time
[22]. In another study that used a custom made electrostatic
induction feeding system, nanosecond pulses were applied to
achieve precise micro-holes in stainless steel [23]. However,
the machining time was found to increase with increasing the
pulse frequency during ECM [24]. The double-layer
capacitance and pulse power have also been used in electrolyte
jet machining to improve the precision of the process [25].
Based on these previous studies, the electrochemical doublelayer capacitance at ultra-high frequencies is hypothesized in
this work to cause a localized deposition and the effect of pulse
frequency is mathematically modeled using an equivalent
electrical circuit to predict the deposit resolution.
2. Modeling the effect of pulse frequency on the current
density
During LECD, the positively charged tool (anode) attracts
negative ions which form a layer at the anode surface. This
layer of negative ions attracts positive ions which form a layer
of positive ions around the tool. These layers of opposing
charge essentially act as two capacitors – one each at the
interface of the electrolyte with the tool and the substrate
respectively [20]. The double-layer capacitance is considered
to be the reason for the confinement of the deposition under
high-frequency pulse conditions. An equivalent electrical
circuit is given in Figure 1, which shows the representation of
double-layer capacitance (Cdl) and electrolyte resistance (R).
The double-layer makes the electrochemical cell effectively an
RC circuit with a time constant (τ=R Cdl). Thus, at larger
distances, the deposition current will be limited under certain
pulse conditions.
The period of the pulse wave sets the time limit for the
current to get from the tool to the cathode. This means that at a
certain distance X on the cathode away from the tool, the
resistance caused by the electrolyte is large enough to prevent
the double-layer from being fully charged. Therefore, beyond
this point, the material cannot be deposited. Since pulse
frequency is inversely related to the period of the pulse wave,
this also explains why the diameter of the deposit might
become smaller at higher frequencies.

At higher pulse frequencies, there is not enough time for
the current to reach farther positions on the cathode and achieve
a deposit. An equation for current in the model circuit can be
defined using Kirchhoff’s law as shown in Eq. (1).
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

2

+

𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(1)

𝐼𝐼𝐼𝐼

where 𝑉𝑉𝑉𝑉 is the voltage supplied, 𝑅𝑅𝑅𝑅 is the resistance of the
electrolyte, 𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the capacitance of the double layer, d𝑡𝑡𝑡𝑡 is the
time and 𝐼𝐼𝐼𝐼 is the current. Solving Eq 1 for current and applying
ohm’s law, results in Eq. (2).
𝐼𝐼𝐼𝐼 =

𝑑𝑑𝑑𝑑

𝑍𝑍𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

−2𝑡𝑡𝑡𝑡

(2)

𝑒𝑒𝑒𝑒 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

where 𝑍𝑍𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the equivalent impedance in the circuit. The
equivalent impedance of the circuit 𝑍𝑍𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is defined in Eq. (3).
𝑍𝑍𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑅𝑅𝑅𝑅 +

2

(3)

𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

where 𝑗𝑗𝑗𝑗 is the imaginary unit, 𝜔𝜔𝜔𝜔 is the angular frequency of the
voltage supplied.
By changing variables to be area independent, Eq. (2) can
be used to determine the current density (𝑖𝑖𝑖𝑖) in the circuit as
given in Eq. (4). Capacitance is substituted with a capacitance
per unit area (𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 ) and resistance is accounted for by resistivity
(ρ) and the distance in the electrolyte (d).
i=

𝑑𝑑𝑑𝑑

2
�𝜌𝜌𝜌𝜌𝑑𝑑𝑑𝑑+
�
𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎

−2𝑡𝑡𝑡𝑡

(4)

𝑒𝑒𝑒𝑒 ρd𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎

Eq. (4) shows that for a given voltage the current density
on any point on the cathode is a function of the distance of that
point from the tool electrode. The shortest distance traveled by
the current in the electrolyte (𝑑𝑑𝑑𝑑) is calculated using Eq. (5).
𝑑𝑑𝑑𝑑 = �

𝑔𝑔𝑔𝑔

�(𝑥𝑥𝑥𝑥 − 𝑟𝑟𝑟𝑟)2 + 𝑔𝑔𝑔𝑔2

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥 ≤ 𝑟𝑟𝑟𝑟
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥 > 𝑟𝑟𝑟𝑟

where 𝑥𝑥𝑥𝑥 is the horizontal distance from the axis on the cathode,
𝑟𝑟𝑟𝑟 is the radius of the tool, and 𝑔𝑔𝑔𝑔 is the interelectrode gap as
shown in Figure 1.
The values of the model parameters are listed in Table 1.
The normalized current density values at each location across
the cathode for the four different frequencies were determined
from the current response calculated using Eq. (2) and the
distribution of normalized peak current densities is shown in
Figure 2.
Table 1. Process parameters used in the mathematical model.

Fig. 1. Equivalent circuit of the tool-substrate interface.

(5)

Parameters

Values

Applied voltage 𝑉𝑉𝑉𝑉 (V)
Electrolyte resistivity 𝜌𝜌𝜌𝜌 (Ω ∙ cm)
Double-layer capacitance 𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (μF/cm2)
Tool radius 𝑟𝑟𝑟𝑟 (μm)
Inter-electrode gap 𝑔𝑔𝑔𝑔 (μm)
Modeled plate dimension 𝑥𝑥𝑥𝑥 (mm)
Duty cycle
Pulse frequency (kHz)

5 V (Peak to peak)
500
50
125
10
0–3
75%
2, 10, 100, 1000
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Fig. 2. Normalized peak current density distributions for multiple frequencies
along the length of the cathode.

The current density for the lower frequency deposition shows
a wider distribution implying a lower resolution of the deposition.
Model results at higher frequencies indicate better confinement of
the current density leading to a higher resolution of the deposit.

Based on the experimental observations, 25% of the peak
current density for a given frequency was used to define the
radius of the deposit ( 𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅 ) expected at that frequency. The
deposition resolution (𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅 ) was determined for each of the four
frequencies used in the experimentation as given in Eq. (6).
𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅 = 2 × 𝑥𝑥𝑥𝑥𝑅𝑅𝑅𝑅

Fig. 4. SEM images of electrodeposited pillars under varying pulse
frequencies.

The deposition resolutions predicted by the model were
compared with the experimental results (average of 6 values) as
seen in Figure 5.

(6)

3. Experimentation
The experimental setup used in this study and examples of
3D shapes made by LECD is shown in Figure 3. Localized
electrochemical deposition of nickel pillars was made using a
precision 3-axis stage with a stepper motor resolution of 1.5
µm, by supplying a 5V square waved pulse current with 75%
duty cycle at four different frequencies (2 kHz, 10 kHz, 100
kHz, 1000 kHz) between a brass cathode and a side insulated ∅
250 μm platinum anode in an electrochemical cell made of
Watts Nickel Bath (240 g NiSO4, 45 g NiCl2, 30 g H3BO3 per
liter of distilled water). Images of the deposited pillars were
obtained using a scanning electron microscope (SEM) as shown
in Figure 4.

Fig. 5. SEM images of electrodeposited pillars under varying pulse
frequencies.

The model predicts the deposit diameters within 20% of the
experimental values for the frequencies from 2 – 100 kHz. It
over predicts the deposit size at 1000 kHz. This might be
because the model does not take into effect the ion depletion
and the charge concentration effects which might cause a
further reduction in deposit size. However, the overall trend of
the model predictions is in agreement with the proposed
hypothesis that the double layer capacitance causes the smaller
size of deposits in ECAM under ultra-high frequencies leading
to improved deposition resolution.
4. Process efficiency of LECD and the accuracy of
prediction of the rate of deposition under varying pulse
frequencies

Fig. 3. Experimental setup and examples of 3D shapes made.

Figure 6 shows seven layers of vertical deposition of a nickel
pillar under various frequencies.
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The theoretical rate of deposit (𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 ) is given by Eq. (7).

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇 =

Fig. 6. SEM image of a nickel pillar manufactured at varying pulse frequency
conditions.

The deposition frequency started with 2 kHz (Layer 1 at the
bottom) and increased in steps to 1000 kHz (Layer 4 in the
middle) during the vertical growth of the pillar and
subsequently, the frequency was reduced back to 2 kHz (Layer
7 at the top) in steps. The deposit diameters showed the same
trend of reduction in diameter at higher frequencies. Diameter
measurements taken from the SEM image in Figure 6 show a
significant narrowing of the pillar in the middle layers where
higher pulse frequencies were used. From the experimental
results, we do see a difference in the deposition sizes when the
pillars are made individually vs varying frequency within a
single pillar. This is clear from the diameter comparison
between Fig 4. (separate pillars) and Fig. 6 (Same pillar). A
couple of probable causes for this phenomenon are the current
density concentration on the newly formed pillar and the
affinity for nickel to be deposited on nickel compared to the
substrate. Earlier electrochemical studies have established the
effect of current density concentrating on the sharp corners and
edges. This higher current density on the printed larger pillar
could have diminished the effect of diameter reduction seen
from the pulse frequency change.
Figure 7 shows a graph of the vertical growth of the pillar
overtime during this deposition. It can be seen from this graph
that lower and higher pulse frequencies result in a slower and
faster rate of vertical depositions respectively. The average
current density is also shown for each layer of deposition in
Figure 7. These current densities are about 17 A/cm2 with some
minor variations. According to Faraday’s law of electrolysis,
the mass of the deposition is proportional to the product of
current and time. Assuming a constant density of the deposit,
this means that if the vertical deposition rate changes, the
diameter of the deposit must change inversely so that a
consistent rate of overall deposition is maintained. This is seen
in Figure 6 from the reduction of diameter (i.e. higher
resolution) with higher frequency. Moreover, the nonlinearity
noticed in this change of resolution with frequencies reveals
that the change of frequency also affects the efficiency of the
deposition process.

𝑑𝑑𝑑𝑑𝐼𝐼𝐼𝐼

(7)

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝜌𝜌𝜌𝜌

where 𝐼𝐼𝐼𝐼 is current, 𝐹𝐹𝐹𝐹 is Faraday’s constant, 𝑀𝑀𝑀𝑀, z, and 𝜌𝜌𝜌𝜌 are
the molar mass, valency number, and density of nickel
respectively.
The values of the rate of deposition shown in Table 2 reveal
a positive correlation of deposition efficiency of the LECD
process with the pulse frequency used. For example, the rate of
deposition doubles from 15 m3/s to 32 m3/s when the pulse
frequency is increased from 10 kHz to 1000 kHz. The
theoretical prediction of the rate of deposition does not vary as
widely as the experimental rate as seen in Table 2. This might
be due to the theoretical value assuming that the deposit is fully
dense with 0% porosity. At high frequencies, the cations that
are depleted during the on-time, due to the reduction reaction,
do not get replenished sufficiently in the limited off-time [13].
This leads to a more porous deposit [7]. This could explain the
discrepancy between theoretical and experimental deposition
rates.

Fig. 7. Graph of vertical deposit over time with varying pulse frequency.
Table 2. The efficiency of the LECD process at different pulse frequencies.
Layer

1
2
3
4
5
6
7

Pulse
frequency
𝑖𝑖𝑖𝑖 (kHz)
2
10
100
1000
100
10
2

Experimental
rate of
deposition 𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸
(m3/s x 10-14),
6.3
15.0
28.2
32.0
25.2
14.6
11.4

Theoretical
rate of
deposition 𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
(m3/s x 10-14),
28.8
29.8
26.2
31.6
26.6
27.8
27.3

% error in
theoretical
prediction
𝑅𝑅𝑅𝑅 −𝑅𝑅𝑅𝑅
� 𝑇𝑇𝑇𝑇 𝐸𝐸𝐸𝐸 � 𝑋𝑋𝑋𝑋100
78
50
8
1
5
47
58

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇

5. Conclusions
A mathematical model of current density distribution over
the cathode during the LECD process was developed and used
to predict the resolution of depositions performed using
different frequencies of pulse power. The overall trend of the
predicted deposition resolution agrees with the proposed
hypothesis that the double layer capacitance causes the smaller
size of deposits under ultra-high frequencies of pulse power,
leading to improved deposition resolution. Deposit resolution
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40 to 80% smaller than the tool diameter is obtained when the
frequency of the pulse power supplied is increased to 100 kHz
and 1000 kHz. The effect of ultra-high pulse frequency on the
resolution in the electrochemical deposition of nickel is
demonstrated by changing the pulse frequency within a single
deposit which resulted in a deposition with varying deposit
resolutions. Deposition efficiency (i.e. rate of deposition)
increases with the increase in pulse frequencies and the
percentage error of theoretical prediction of the rate of
deposition is within 1-8 % for experimental values of
deposition rates at 100 kHz and 1000 kHz pulse frequencies.
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